During pregnancy, polyunsaturated fatty acids are essential for fetal development. The fetus is unable to synthesize them and they have to come from the mother. Fish oil supplements (rich in docosahexaenoic acid) are often recommended during the perinatal stage and may contribute to programming future events. The study presented here compared the long-term effects of supplementing the maternal diet of rats with either fish oil or olive oil during pregnancy and lactation on the glucose-insulin axis in the male offspring at different ages.
Introduction
Linoleic acid (18:2 n-6, LA) and α-linolenic acid (18:3 n-3, ALA) are the essential fatty acids (EFA) from which long-chain polyunsaturated fatty acids (LCPUFA) can be synthesized in adults. The fetus in humans [1] and rats [2] , however, has a limited capacity to carry out this synthesis, so both arachidonic acid (20:4 n-6, AA) and docosahexaenoic (22:6 n-3, DHA) (as well as other LCPUFA) become essential. These two acids, which play a major role in fetal development, have therefore to come from maternal sources, meaning that pregnancy is a time of increased risk of LCPUFA deficiency [3] [4] [5] . In fact in humans the proportion of both AA and DHA in maternal plasma decreases in late pregnancy, whereas values in cord blood plasma are either higher than or similar to those in the maternal circulation [6] . For this reason, supplementation with fish oil, rich in n-3 LCPUFA, is often recommended during pregnancy.
However, some harmful effects of high maternal doses of fish oil or DHA supplements have also been reported in both women [7] and rats [8] , and a recent systematic review of data from human studies published on this topic concluded that there is not enough evidence to support the routine use of n-3 LCPUFA or fish oil supplementation during pregnancy [9] .
Studies in humans indicate that adverse prenatal and early postnatal nutritional status may contribute to programming future events, including the susceptibility to impaired glucose tolerance [10, 11] . However the evidence for programming from fish oil intake during the perinatal stage in humans on later changes in the glucoseinsulin axis is limited. Even in a randomized controlled trial of the supplementation with fish oil compared to olive oil during the third trimester of pregnancy, no association with adiposity, plasma insulin and homeostasis model of insulin resistance (HOMA) in 19-yearold children was found [12] . The studies on the long-term effects of fish oil intake during the perinatal stages in rodents are scarce and have yielded quite variable results. In mice, a fish-based diet during pregnancy and lactation resulted in increased insulin sensitivity in offspring at 15 weeks of age [13] . In rats given 7% fish oil throughout pregnancy, no differences were found in plasma glucose and insulin in offspring at 15 weeks of age [14] . In addition, no effect was found either in 105-day old male offspring of maternal rats that were given a diet supplemented with 10% fish oil for 90 days preconception and throughout pregnancy and lactation [15] or in offspring at 12 weeks of age of dams given a diet containing 18% fish oil during the 2 weeks prior to mating and throughout pregnancy and lactation [16] . However, in rats given a diet containing 8% of fish oil during just the first 12 days of pregnancy, we found that at 8 months of age male offspring -but not females -showed increased insulin sensitivity [17] . We also found that the effect was epigenetic and could be explained by the influence of microRNA expression [18] .
In order to determine whether the effect of fish oil intake during the perinatal stage in rats on the glucose-insulin axis in offspring is dependent on the age of the offspring, the work reported here studied oral glucose tolerance tests at different ages in male offspring of dams that had been given a fish-oil supplemented diet and compared the findings with control offspring from dams given the same diet but supplemented with olive oil. This supplementation of the diet with olive oil has been previously used as an appropriate control in dietary fish oil human trials during pregnancy [12, 19] and in rats in studies on the effects of fish-oil diet during pregnancy and lactation by ourselves [17, [20] [21] [22] .
Material and Methods
Female Sprague Dawley rats from our own animal quarters were initially given a standard non-purified diet (B&K Universal, Barcelona) and housed under controlled light and temperature conditions (12 h light/dark cycle; 22 ± 1 ºC). The experimental protocol was approved by the Animal Research Committee of Universidad San Pablo CEU in Madrid, Spain. Rats were mated when they weighed 184-203 g, and on the day in which spermatozoids were found in vaginal smears (day 0 of pregnancy) they were divided into two groups that were given purified diets that differed only in the nature of the non-vitamin lipid component. The diets contained per kg of diet: 170 g casein, 100 g cellulose, 580 g maize starch, 35 g salt mix, 10 vitamin mix and 100 g of either fish oil (cod liver oil, Cofares, Spain) (FOD) or olive oil (Carbonell, Spain) (OOD). Diets were prepared at the onset of the experiment and were divided into daily portions that were kept at -20 ºC until use. Dams were housed in collective cages (four per cage) and had free access to the assigned diet and tap water. Two days before delivery, pregnant rats were placed in individual cages. From the 2 nd day of postpartum litters were adjusted to 8 pups per dam and the dams were maintained on their experimental diet until day 21 of lactation, when pups were weaned and were maintained in collective cages. From this time on, all pups were fed the standard non-purified diet. Milk intake was estimated from pup weight and pup weight gain on days 7-8 and days 15-16 of lactation as previously described [23] . On day 10 of lactation, after being separated from their litters, dams were anesthetized with a cocktail (0.5 ml/200 g body weight) containing 9 mg ketamine (Imalgene 500; Rhone Merieux, Lyon, France) and 0.25 mg chlorpromazine (Largactil; Rhone Poulenc, Madrid, Spain) administered intraperitoneally. They were injected intraperitoneally with a solution of oxytocin (0.25 ml/200 g body weight: 40 mg/L Syntocinon; Novartis Farmacéutica, Barcelona, Spain) and milk was obtained with gentle hand stripping of the teats. An aliquot of milk was immediately placed into chloroform-methanol (2:1, v/v) for lipid extraction and fatty acid profile analysis as described below. At 2, 4, 12 and 18 months of age each male pup was given an oral glucose tolerance test as follows. All tests were carried out between 09.00 and 11.00 h in rats that had been fasted overnight. After collecting blood (0 time) rats received orally 2 g glucose/kg body weight and blood was collected at 7.5, 15 and 22.5 min in pups that were 2 and 4 months of age and at 7.5, 15, 22.5, 30 and 60 min in the 12-and 18-month old offspring. Blood was always collected from the tail vein into receptacles containing Na 2 -EDTA and plasma separated by centrifugation at 4 ºC and 1,500 g for 10 min. Plasma was kept at -80º C until analysis for glucose and insulin using commercial kits (Boehringer-Mannheim, Manheim, Germany and Mercodia AB, Uppsala, Sweden, respectively).
For the analysis of fatty acids profiles, lipids were extracted in chloroform-methanol (2:1, by volume) and purified [24] from fresh aliquots of milk and from each diet. Lipid extracts were saponified and methylated, and the fatty acid methyl esters were separated and quantified by gas chromatography with a Perkin-Elmer gas chromatograph (Autosystem; Norvalk, Conn.) with a flame ionization detector and a 30 m × 0.25 mm Omegawax capillary column as previously reported [25] .
Statistics
All analyses were conducted in SPSS (version 14:0; Chicago, Ill., USA). Differences between the two groups were analyzed by Student's t test.
Results
The fatty acid profile of the two diets given to the rats during pregnancy and lactation is shown in table 1. As it would be expected, the main differences between the two diets were the proportions of eicosapentaenoic acid (20:5, n-3, EPA), DHA and total n-3 fatty acids, which were much higher in the FOD than in the OOD. Also as expected, the proportions of oleic acid (18:1, n-9, OA), total monounsaturated fatty acids (MUFA) and total n-6 fatty acids were lower in the FOD than in OOD. Values of the proportion of LA, AA and ALA were low in both diets, although values for LA were higher in OOD than in FOD whereas the opposite was true for both AA and ALA. fish has been associated with a reduction in the major risk factors of the metabolic syndrome, including adiposity, inflammation, dyslipidemia, hypertension, insulin resistance and type 2 diabetes [28] . In rats fish oil has also been shown to improve insulin sensitivity in obesity [29] and to prevent insulin resistance in high-fat feeding [30] . However, prospective studies in humans don't support the supposed benefits of fish and seafood or EPA and DHA on the development of diabetes mellitus [31] . From randomized controlled human trials it can be concluded that supplementation with fish oil during the second or third trimester of pregnancy is not associated with a reduced risk of gestational diabetes mellitus and associated pathologies [32] .
The evidence for programming from fish oil intake during the perinatal stage in human trials on later changes in the glucoseinsulin axis is limited. In a randomized controlled trial of daily supplementation with fish oil capsules no association with differences in plasma insulin, glucose or the homeostasis model assessment of insulin resistance (HOMA) in 19-year-old offspring was found [12] . In experimental animals it has been shown that nutritional disturbances may program the fetus for later development of altered functioning of the adult insulin axis, the response being specific for the time-window of exposure in a sex-dependent manner [33] . The data on long-term effects of fish oil intake during pregnancy and lactation on the offspring glucose-insulin axis from rats have also been shown to be variable, going from no differences [15] to enhanced insulin sensitivity [17] , the process being sex-dependent and caused by an epigenetic mechanism [18] .
The findings we report, of different changes in insulin sensitivity depending on the age of offspring of rats fed fish oil during pregnancy and lactation could be caused or influenced by different factors: a specific action of the higher availability of n-3 LCPUFA during the perinatal stage; a decreased milk yield during lactation causing under-nutrition of pups during suckling; or the decreased availability of AA, which was lower in milk of FOD rats than of those on OOD. Concerning the specific action of the higher availability of n-3 LCPUFA during the perinatal stage, it is known that LCPUFA can have effects on fetal programming (for a review see [34] ) and it is known that fish oil consumption in rats even during just the first 12 days of pregnancy have epigenetic effects [18] that result in an enhanced insulin sensitivity in one-year old pups [17] . However, high-fat diets supplemented with fish oil given to rats 2 weeks before mating and until the end of the weaning period had no effect on glucose tolerance at the age of 12 weeks in male offspring [16] . On the other hand, the under-nourished condition during suckling in pups of FOD could be the result of a reduced ability of their dams to synthesize AA as suggested
The body weight of dams during pregnancy and during lactation did not differ between the two groups (data not shown). As shown in table 2, at delivery the number of pups and birth weight did not differ between the two groups. However from 12 days of age until the end of lactation the body weight of pups from the FOD group was lower than in those from the OOD group. This significant difference between the two groups was seen at 2 and 4 months of age whereas no difference could be found at either 12 or 18 months of age. Milk intake by the suckled pups at day 7-8 of lactation did not differ between the two groups, but at day 15-16 it was lower in the FOD group (Table 3 ). The fatty acid profiles of milk at mid-lactation (day 10 of lactation) show a higher proportion of saturated fatty acids and EPA, DHA and total n-3 fatty acids but lower of OA, total MUFA, LA and AA in the FOD group than in the OOD group (Table 3) .
Oral Glucose Tolerance Tests
Basal plasma glucose and insulin concentrations (0 time) did not differ between FOD and OOD rats at 2, 4, 12, or 18 months of age (data not shown); however, major differences were found as a response to the oral glucose load. Results are expressed as the change of values at different time points compared to basal values for each rat as well as area under the curve (AUC) for both glucose and insulin. As shown in figure 1A , the 2-month-old pups of the two groups showed a similar increase in plasma glucose, but the FOD group had a smaller increase in insulin concentration than the OOD group, the difference in the AUC for insulin being statistically significant, indicating enhanced insulin sensitivity in the FOD group. When the oral glucose tests were performed at 4 months of age that difference between the two groups disappeared ( Figure 1B) . However, when these same rats were 12 or 16 months old, the increase in glucose after the glucose load was greater in FOD than in OOD pups whereas no differences in plasma insulin changes were found ( Figure 1C and Figure 1D ), indicating decreased insulin sensitivity.
Discussion
The present study shows that maternal fish oil supplementation during pregnancy and lactation did not affect glucose tolerance but diminished the increase of plasma insulin after oral glucose load in 2-month-old male pups, indicating an enhanced insulin sensitivity. However, the effect disappeared when these pups were studied at 4 months old and was reversed to show decreased insulin sensitivity when studied at both 12 and 18 months old. Although the precise correlation between the ages of laboratory rats and of humans is still a subject of debate and in adulthood one rat month is approximately equivalent to three human years [26, 27] , these findings clearly fit with the variable and contradictory results found in randomizedcontrolled trials performed in humans to determine if n-3 LCPUFA supplementation affects pregnancy short-and long-term outcomes, as recently reviewed [9] . In fact, the intake of n-3 LCPUFA from by its low proportion in milk. This probably results from the increased concentrations of DHA and EPA, which are known to inhibit the delta-6 desaturase activity, causing a reduction in AA synthesis and a subsequent decrease of the milk yield [8] . On its own, such a condition of undernutrition during suckling could result in a permanently decreased insulin sensitivity as we have previously reported also in male rats [35] , but the present study shows that insulin sensitivity is actually increased in young (2-months-old) pups of FOD dams, the effect disappearing when they reach 4 months of age and reversing by the time the pups were old (12 and 18 months old).
This is the first time that an age-dependent biphasic response in pups to the treatment with fish oil in pregnant and lactating rats has been reported. It may be the reason for the variable response found by others studying the consequences in offspring of LCPUFA supplementation during pregnancy or lactation (or both) [34] . We have even found enhanced insulin sensitivity in 1-year-old male pups (although not in females) of dams receiving the dietary fish oil supplement during only the first half of pregnancy [17] Taken together, the evidence indicates that different doses of LCPUFA and the sex of the offspring, the timing of window of treatment during the perinatal stage and now the age of the offspring can all affect the response to the fish oil supplement.
Extrapolation of the present findings to the human situation should be made with caution for 2 main reasons: the doses of fish oil used in experimental animals, including those applied here, are much higher than those applied in humans; and secondly, comparison of rat and human ages depends on several factors that could impede the appropriate correlation between both species [26, 27] . However, findings reported herein begin to explain the variable and sometimes contradictory results reported in both humans and experimental animals on maternal fish oil intake and insulin sensitivity in the offspring. Additional studies are necessary to establish a consistent pattern of responsiveness. 
